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Abstract
In this article,  (Al1−0.02−xSi0.02Tix)2Oy (x = 0.2, 0.9 and 2%) thin films were prepared on Pt/Ti/SiO2/Si substrates using sol–
gel technique. The dielectric properties of undoped and Si–Ti co-doped  Al2O3 thin films were investigated. The leakage 
current of  (Al0.971Si0.02Ti0.009)2Oy thin film is reduced by 2 orders of magnitude compared with  Al2O3 film. Meanwhile, the 
modified sample exhibits the ultrahigh energy density of 14.01 J/cm3 under the breakdown strength of 647 MV/m, which is 
an enhancement of 11.26 J/cm3 over that of the undoped  Al2O3 film. The improvement of dielectric properties is ascribed 
to the forming of Al–O–Si, Al–O–Ti bonds and the anodic oxidation of  Ti3+, which could strengthen the stability of  Al2O3 
structure and self-repair the defects of the films under applied electric field. Another reason is that cation vacancies generated 
by Si–Ti co-doping could effectively prevent the formation of oxygen vacancies and decrease the breakdown probability of 
the films. This work provides a promising route to dielectric thin films materials for electrical energy storage applications.

1 Introduction

Green energy has become one of the most significant issues 
in the twenty-first century because of the vast consumption 
of fossil fuels and the worsening of environmental pollution 
[1]. Dielectric capacitor is one of the major circuit compo-
nents in electronics and also widely recognized as a kind of 
traditional electric energy storage devices. Electronic cir-
cuits are moving toward miniaturization, portability, high 
reliability and large-scale integration, so that dielectric mate-
rials with high energy storage density are intensively desired 
[2]. The energy storage density ( U

e
 ) of dielectric capacitors 

is given by

and for simple linear dielectric materials, it can be defined 
as

where  �
0
 i s  the  vacuum dielect r ic  constant 

(8.8542 × 10−12 F/m), �
r
 is the relative dielectric constant, 

and E is the dielectric breakdown strength [3, 4]. In order to 
increase the energy storage density, one can increase either 
the dielectric constant or breakdown strength. From the first 
glance, it seems that enhancing the breakdown strength is 
more attractive because the energy dependence is square for 
the breakdown strength rather than one as for the dielectric 
constant. For this reason, polymers, such as biaxial-oriented 
polypropylene (BOPP), are the primary dielectric materials 
currently used in dielectric capacitors due to their high E 
(> 700 MV/m) and low dielectric loss (< 0.02%) [5]. How-
ever, the dielectric constants of most organic polymers are 
< 10 in the range around 2. Because of the organic nature of 
polymer, the application temperature of polymer capacitors 
is low, which also limits their applications in high tempera-
tures and many severe environments. While the inorganic 
materials, such as  BaTiO3,  BaxSr1−xTiO3, and  PbZrTiO3, 
possess large dielectric constants and excellent heat resist-
ance [3, 6]. Hence, inorganic dielectric materials with high 
dielectric constant and breakdown strength have attracted 
pronounced attention for high electric energy storage 
application.

It is a dream for material scientists to endow materials 
self-repairing behavior upon any damage like biological liv-
ing creatures. Self-repairing behavior of materials such as 
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self-repairing concrete, self-repairing polymer and so on, 
achieved limited but inspiring success. For dielectric mate-
rials, aluminum electrolytic capacitor is an excellent and 
very successful example. Within its entire service life, any 
damage and defect of the alumina dielectric layer formed 
on the surface of aluminum foil (served as the anode of the 
capacitor) by anodic oxidation can be in situ mended and 
repaired by supplementary anodic oxidation reaction under 
high working electric field. The self-repairing mechanism 
endows the alumina dielectric layer very high breakdown 
strength close to its intrinsic value, which makes the elec-
trolytic capacitors major circuit components of electronic 
circuit and system. However, to ensure the anodic oxida-
tion reaction of the self-repairing process, appropriate wet 
electrolyte (served as the cathode of electrolytic capacitor) 
is very important, which may cause a lot of problems in 
construction of the capacitor and reliability issues. It is 
reasonable to consider, if it is possible to adapt the self-
repairing idea to enhance the breakdown strength of thin 
and thick ceramic films to develop complete solid state 
monolithic ceramic capacitor for high-density energy stor-
age applications.

Alumina  (Al2O3) is an excellent dielectric material 
because of its unique properties, such as high breakdown 
strength (200–1000 MV/m), relative dielectric constant 
(7–10), band gap (≈ 9 eV), thermal and chemical stabil-
ity, thermal conductivity, hardness and low leakage current 
[7–10].  Al2O3 ceramics are widely used as substrate and 
packaging material of integrated circuits, high temperature 
and corrosive resistant microwave and optical window and 
coating material in electronics and microelectronics [11, 12]. 
 Al2O3 thin films in nanometer thickness can be used as gate 
dielectric of MOSFET of integrated circuits, while thin films 
in micrometer thickness are quite reasonable and promising 
to develop high density energy storage capacitors.  Al2O3 
thin films can be prepared by many techniques, including 
chemical vapor deposition (CVD), spray pyrolysis, pulsed 
laser deposition (PLD), magnetron sputtering, atomic layer 
deposition (ALD), molecular beam epitaxy (MBE), and 
sol–gel [8–10]. Among these approaches, the advantages of 
sol–gel technique are quite evident. The films can be depos-
ited at room temperature under ambient atmosphere. There 
is no need to use complicated equipment under vacuum 
or exotic gas environment. Most importantly, doping and 
chemical composition of the film can be easily and accu-
rately manipulated. Dense and highly uniform thin films in 
composition and phase structure can be easily derived from 
sol–gel process.

Furthermore, recent contributions shown that the dielec-
tric properties of the amorphous  Al2O3 thin films depend 
strongly on doping elements such as silicon [8], magne-
sium [13], titanium [14] and yttrium [15]. Typically, sili-
con is a glass forming element which is able to promote the 

forming of glass network structure. Titanium incorporated 
into the glass network structure is beneficial for connecting 
the broken bonds of the network, and further enhances the 
structural stability. Meanwhile, titanium is one of the valve 
metal elements which can be anodized under electric field 
similar to the anodic oxidation of aluminum. It is expected 
that the combination doping of silicon and titanium is able 
to improve the dielectric behavior of amorphous  Al2O3 film. 
FESEM, DSC, FT-IR and XPS were performed to determine 
the structural characteristics of the Si–Ti co-doped  Al2O3 
films. Current–voltage and frequency-dependent dielectric 
constant and dielectric loss measurements were performed to 
reveal the dielectric properties of the films. Our findings sug-
gest that the sol–gel deposited amorphous Si–Ti co-doped 
 Al2O3 thin films have a potential application in electrical 
energy storage devices.

2  Experimental procedure

Al2O3 and  (Al1−0.02−xSi0.02Tix)2Oy (x = 0.2, 0.9 and 2%) thin 
films represented as  Al2O3, AST0.2, AST0.9 and AST2, 
respectively, were prepared by the sol–gel and spin coating 
technology. Firstly, aluminum isopropoxide and 50 ml glycol 
ether were mixed together and stirred for 30 min at 60 °C. 
Next, tetraethyl orthosilicate and tetrabutyl titanate were 
sequentially doped. Then, 0.02 mol acetylacetone acting as 
chelating agent was added to control the rate of hydrolysis at 
70 °C under stirring. After stirring for 30 min, the solution 
was catalyzed with 10 ml acetic acid at 80 °C. The mixture 
was stirred for another 30 min and then cooled down slowly 
to the room temperature to get a transparent and homogene-
ous sol.

Before spin coating deposition of the films, the substrates 
(Pt/Ti/SiO2/Si) were ultrasonically cleaned in acetone, 
deionized water and ethyl alcohol for 10 min, successively. 
Then the substrates were dried by blowing  N2. The thin films 
were deposited by spin-coating process with a spin speed 
of 3000 rpm for 20 s for each layer on the substrates. After 
each coating layer, the films were preheated at 150, 300 and 
450 °C for 5 min in sequence to form solid films by evapo-
rating the solvents and burning out the organic residues. 
After coating 7 layers, all of the samples were annealed at 
450 °C in a muffle furnace for 3 h with a heating rate of 3 °C/
min and then cooled down to room temperature slowly. To 
measure the electrical properties of the films, Au top elec-
trodes with diameter of 1 mm were deposited via a shadow 
mask on the top of the films to form MIM (metal–insula-
tor–metal) structure with Pt as bottom electrode.
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3  Results

3.1  Structural analysis

The surface morphology of undoped and Si–Ti co-doped 
 Al2O3 thin films is shown in Fig. 1. There is no apparent 
difference in the surface morphology of all the films. The 
surfaces of all the films annealed at 450 °C are dense and 
uniform, with no crystallization and macroscopic defects 
(e.g. cracks and holes). In other words, neither phase struc-
ture (remain amorphous) nor surface morphology is affected 
by Si–Ti co-doping. As displayed in Fig. 2, the thickness of 
the thin films measured by the cross-section FESEM images 
are 223, 212, 216, 216 nm for  Al2O3, AST0.2, AST0.9 and 
AST2, respectively.

The thermal decomposition characteristics of  Al2O3, 
AST0.2, AST0.9 and AST2 xerogel are illustrated in Fig. 3. 
To insure that the films are amorphous and the organics are 
completely decomposed, the heat-treated temperature of 
all the thin films is chosen as 450 °C [8]. The crystalline 
peak observed about 770 °C belongs to the titanium diox-
ide, where the peaks get more and more apparent with the 
increase of the titanium content. About 900 °C, the crystal-
lization temperature of the amorphous  Al2O3 increases with 
the addition of Si and Ti. The reason is that Si is a network-
forming element, which is able to form the glass network 
structure locally and enhance the stability [8]. Simultane-
ously, titanium as a glass network intermediate element, can 
either join the network structure playing the role of connect-
ing networks or enter the vacant sites of the loosely packed 
amorphous structure and strengthen its stability.

For clarification of the chemical state of Si and Ti in 
the co-doped  Al2O3 thin films, Fig. 4 shows the FT-IR 

spectra of the undoped and co-doped  Al2O3 thin films. It 
can be observed that there is a broad absorption band below 
1000 cm−1 in the spectra, which is typical of the vibrations 
of  Al2O3 [16]. A more and more apparent vibration absorp-
tion peak can be seen at 680 cm−1 with the increase of tita-
nium content, which is attributed to Al–O–Ti vibration [17]. 
In addition, peaks about 900 and 1000 cm−1 correspond to 
Al–O–Al and Al–O–Si, respectively [18, 19]. According 
to the results, Si and Ti can replace Al and involve in the 
construction of the structure of  Al2O3 film, resulting that 
the crystallization temperature of the amorphous  Al2O3 
increases with the addition of Si and Ti, which is consistent 
with the DSC analysis. Besides, compared with the other 
film samples, a relatively strong intensity peak between 
600 and 1000 cm−1 can be observed in the AST0.9 film, as 

Fig. 1  Surface FESEM images of  Al2O3 (a), AST0.2 (b), AST0.9 (c), 
and AST2 (d) thin films

Fig. 2  Cross-section FESEM images of  Al2O3 (a), AST0.2 (b), 
AST0.9 (c) and AST2 (d) thin films

Fig. 3  DSC curves of the  Al2O3, AST0.2, AST0.9 and AST2 xerogel
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indicates that this co-doped component makes the  Al2O3 
film structure relatively higher stability.

The XPS survey spectra of  Al2O3, AST0.2, AST0.9 and 
AST2 thin films are illustrated in Fig. 5a. As can be seen, Si 
and Ti elements exist in the co-doped films. The presence of 
C1s peak is observed due to the presence of organic residue 
and contaminant carbon in the air-exposed films, which can 
be used as an index to regulate the XPS data. To further 
explore the bonding state of Si and Ti in the co-doped thin 
films, a high resolution XPS scan was performed to explore 
the O1s spectrum of the AST0.9 film, as shown in Fig. 5b. 
The O1s peak could be curve-fitted into four components at 
approximately 530.01, 530.92, 531.83 and 532.61 eV, which 
correspond to Al–O–Ti, Al–O–Al, Al–O–Si and  H2O, suc-
cessively [20, 21]. The results further confirm that the exist-
ing forms of Si and Ti in the co-doped films are Al–O–Si and 
Al–O–Ti, which are well agreement with the FT-IR results.

Figure 6a shows the comprehensive comparison of Ti2p 
spectra for the co-doped films. Clearly, both the  Ti2p1/2 
and  Ti2p3/2 peaks intensity increase as the Ti doping con-
tent increases. And the binding energy about 458.6 eV of 
 Ti2p3/2 corresponds to Ti–O bond [22], which indicates that 
the more Ti content are added, the more Ti–O bond can 
be formed. Titanium ions are accepted to exist in films in 
two valence states, named as the trivalent  (Ti3+) and the 
tetravalent  (Ti4+) forms [22]. In order to characterize the 
valence state of the titanium element, high-resolution Ti2p 
XPS spectra of AST0.2, AST0.9 and AST2 are shown in 
Fig. 6b–d. As can be seen from  Ti2p3/2 peaks fitting,  Ti4+ 
peak at 458.6 eV is slightly lower than total  Ti2p3/2 peak 
position, and a weak peak about 456 eV is revealed, which 
is attributed to  Ti3+. Based on the integral calculation of 
the peak areas, the  [Ti3+]/[Ti] ratios are 27.96, 21.53 and 
7.31% for AST0.2 (Ti-0.2%), AST0.9 (Ti-0.9%) and AST2 

Fig. 4  FT-IR spectra of the  Al2O3, AST0.2, AST0.9 and AST2 thin films (a); the partial spectra from 600 to 1600 cm−1 (b)

Fig. 5  XPS survey spectra of the  Al2O3, AST0.2, AST0.9 and AST2 thin films (a); high-resolution XPS spectrum of O1s for the AST0.9 thin 
film (b)
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(Ti-2%), respectively. And thus the  [Ti3+]/[Ti + Si + Al] 
ratios are 0.05, 0.19 and 0.14%, respectively. It suggests 
that the AST0.9 film has the most  Ti3+ content compared 
to the others.

3.2  Dielectric properties

The breakdown strength, which has an exponential influence 
on the energy storage capacity, is critical metric of dielectric 
materials. The dielectric breakdown characteristics of the 
 Al2O3 and  (Al1−0.02−xSi0.02Tix)2Oy thin films at room temper-
ature are shown in Fig. 7. With the increasing of Ti content, 
the leakage current decreases evidently, and the breakdown 
voltage increases substantially. The AST0.9 thin film exhib-
its the lowest leakage current (from ≈ 10−3 A for  Al2O3 film 
to ≈ 10−6 A for AST0.9 film) and the highest breakdown 
voltage (from ≈ 57 V for  Al2O3 film to ≈ 140 V for AST0.9 
film). Additionally, the leakage current increases rapidly in 
the low voltage region (< 30 V), while it increases slightly at 
higher electric field (> 30 V) until the hard breakdown. And 
as the voltage increases, soft breakdown occurs along with 
slight fluctuation of the current. The on-set voltage of the 
soft breakdown for the Si–Ti co-doped films is much higher 
than that of undoped  Al2O3 films. The surface morphologies 

after hard breakdown show that the soft breakdown pref-
erentially occurs at the electrode edge because of the edge 
effect [23]. In addition, there are more pinholes caused by 
soft breakdown for undoped  Al2O3 films compared with the 
co-doped films. Especially, the AST0.9 films hardly under-
goes soft breakdown at the electrode edge before the hard 
breakdown. It is worth noting that the holes make the Au 
electrode films isolate from the soft breakdown points so 
that the films can still keep well insulating property until the 
hard breakdown occurs.

In order to obtain more reliable breakdown results and 
exclude the influence of different thickness of various 
films, the Weibull distribution has been used to analysis the 
breakdown strength variation as shown in Fig. 8 ( E = U/d , 
where U is breakdown voltage and d is thickness of films) 
[13–15]. As can be seen, the breakdown strength increases 
with the addition of Si and Ti content, especially for the 
AST0.9 (Ti-0.9%) films which exhibit the significantly 
highest breakdown strength (647 MV/m). The influence of 
AST0.2 (Ti-0.2%) on dielectric breakdown strength is not 
distinct, while it is an enhancement of 392 and 181 MV/m 
over that of  Al2O3 (255 MV/m) for AST0.9 (Ti-0.9%) and 
AST2 (Ti-2%), respectively. It can be concluded that the 
Si–Ti co-doping is capable to dramatically enhance the 

Fig. 6  High-resolution XPS spectra of Ti2p (a); fitted curves of Ti2p for the AST0.2 (b), AST0.9 (c) and AST2 (d)
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breakdown strength and effectively reduce leakage current 
of the amorphous  Al2O3 thin film, especially for AST0.9 
(Si-2%, Ti-0.9%). The above results are consistent with the 
FT-IR and XPS spectra analysis, meaning that incorporation 
of Si and Ti into the  Al2O3 films can strengthen the stability 
of the films structure thus enhance the dielectric properties.

Figure 9a–c presents the frequency-dependent dielectric 
constant and dielectric loss of the  Al2O3 and Si–Ti co-doped 
films at room temperature. Both the dielectric constant and 
dielectric loss of the co-doped films are always lower than 
undoped  Al2O3 films. And AST0.9 film has the lowest die-
lectric constant (7.56) and dielectric loss (0.02) at 100 kHz. 
The results are coincident with the dielectric breakdown 
characteristics discussed above including breakdown 

strength and leakage current. The amorphous  Al2O3 thin 
film is linear dielectric, its theoretical energy storage den-
sity can be calculated by the formula U

e
= 1/2�

0
�
r
E
2 . The 

calculated values are 2.75, 2.84, 14.01 and 6.99 J/cm3 for 
 Al2O3, AST0.2, AST0.9 and AST2 thin films, respectively, 
as shown in Fig. 9d. Although the AST0.9 and AST2 films 
exhibit little lower dielectric constants (as shown in Fig. 9c), 
their much higher E is more crucial for the energy density 
obtained in these co-doped films. The energy storage den-
sity is increased by about 410 and 154% for AST0.9 and 
AST2 respectively in comparison with the undoped  Al2O3 
film. Some dielectric properties of the samples are shown 
in Table 1. The AST0.9 thin film exhibits the highest energy 
density due to the largest breakdown strength and relatively 
high dielectric constant.

4  Discussion

From the above investigations, the improvement of the die-
lectric strength of the Si–Ti co-doped  Al2O3 thin films can 
be ascribed to the following structure modification effect of 
the Si–Ti co-doping. Firstly, it is well known that the radii 
of  Si4+ (0.4 Å) is slightly smaller than  Al3+ (0.535 Å), in 
contrast,  Ti4+ (0.605 Å) is a little bit larger. And  Si4+ as a 
kind of glass forming cation and  Ti4+ as a network interme-
diate cation are introduced into the amorphous  Al2O3 film 
substituting for  Al3+ and consequently participating in the 
construction of the structure as shown in FT-IR and O1s 
XPS results. Hence, the structure of the  Al2O3 film could 
become more compact and stable resulting in the improve-
ment of the dielectric properties by Si–Ti co-doping.

From the viewpoint of defect chemistry, the concentra-
tion of oxygen vacancies (V ⋅⋅

O
) and hydroxy anions (OH�

O
) 

of the sol–gel derived amorphous  Al2O3 films are always 

Fig. 7  Plot of I–V and metallographic photograph for the  Al2O3 and  (Al1−0.02−xSi0.02Tix)2Oy thin films

Fig. 8  Weibull distribution of the breakdown strength of the  Al2O3 
and  (Al1−0.02−xSi0.02Tix)2Oy thin films. Inset shows the dependence of 
breakdown strength on Ti molar fraction of samples  (Pi is the cumu-
lative failure probability and E is the average breakdown strength)
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high. They can be regarded as the major intrinsic defects 
of the film. Since both defects are positive charged, hence, 
they are able to capture electrons and serve as electron traps 
[24]. The trapped electron can be again detrapped from their 
hosts under various high electric field and eventually initi-
ate a local breakdown event at the defect region [25]. If the 
breakdown energy is high enough to demolish the insulation 
behavior of the sample, then such breakdown is regarded as 
a hard breakdown, otherwise, the recoverable breakdown 
events can be regarded as soft breakdowns. Usually, for 
dielectric films there are lots of soft breakdown events tak-
ing place ahead of the final hard breakdown under various 

electric field. Whereas, according to the defect chemistry, Si 
and Ti doping in alumina film can be described as follow:

The above defect reaction equations reveal that the cation 
vacancies (V ���

Al
) can be generated by Si and Ti doping, which 

are able to effectively suppress the formation of oxygen 
vacancies (V ⋅⋅

O
) and thus reduce the traps density in the  Al2O3 

film. Therefore, the Si–Ti co-doped  Al2O3 thin films exhibit 
much higher structural stability and breakdown strength in 
comparison with undoped  Al2O3 film. And the combination 
of the two intrinsic defects is counted as a defect associate 
which has no net charge and thus has no contribution to the 
conductivity [15]. The generation of defect associates by Si 
and Ti co-doping could results in lower leakage current and 
dielectric loss.

Besides, in general, the local energy around the defects 
is always higher than that of the normal state. There is 
a tendency for the distorted structure region with higher 

3SiO
2

2Al
2
O

3

−−−−−→ 3Si
⋅

Al
+ 6O

O
+ V

���

Al

3TiO
2

2Al
2
O

3

−−−−−→ 3Ti
⋅

Al
+ 6O

O
+ V

���

Al

Fig. 9  Frequency dependence of dielectric constant and dielectric loss (a–c) at room temperature for the amorphous  Al2O3 and 
 (Al1−0.02−xSi0.02Tix)2Oy thin films; the dependence of energy density on Ti molar fraction of the samples (d)

Table 1  Some properties of  Al2O3 and Si–Ti co-doped  Al2O3 thin 
films (where J is the leakage current density when the voltage is 20 V 
and tanδ and εr are the dielectric loss and dielectric constant respec-
tively when the frequence is 100 kHz)

Samples Ue (J/cm3) E (MV/m) J (A/cm2) tanδ εr

Al2O3 2.75 255 10−2 0.12 9.54
AST0.2 2.84 263 10−3 0.07 9.28
AST0.9 14.01 647 10−4 0.02 7.56
AST2 6.99 436 10−4 0.04 8.31
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energy to be minimized to restore back to its normal struc-
ture [8, 12]. Simultaneously, the difference of the ionic 
radius and the micro pores originated from the thermal 
decomposition of the organic groups can provide the ionic 
migration channels and promote the ionic migration in the 
amorphous thin films. As a consequence, the appropriate 
ions can be transported to the location of the defects under 
the applied electric field and combined with each other to 
repair the defects, block the channels and thus improve 
the breakdown strength. Especially, the Ti2p XPS results 
imply that the AST0.9 (Si-2%, Ti-0.9%) film has the most 
 Ti3+ content compared with the other components, which 
can be anodized to  Ti4+. The reaction is described as:

The dense  TiO2 formed by anodic oxidation can effec-
tively prevent the breakdown and play the role of self-
repairing. As a result, the AST0.9 film with the most  Ti3+ 
content exhibits the strongest self-repairing capability 
(performing the highest breakdown strength and the low-
est leakage current and dielectric loss).

5  Conclusion

The dense and uniform amorphous  Al2O3 and Si–Ti co-
doped  Al2O3 thin films were deposited on Pt/Ti/SiO2/Si 
substrates using sol–gel technology. The FT-IR and XPS 
results revealed that Si and Ti occupied Al site in the films, 
existing in the form of Al–O–Si and Al–O–Ti, involving in 
the construction of the  Al2O3 structure and strengthening 
the structural stability. The high-resolution Ti2p XPS fur-
ther reveals that  Ti3+ existed in the co-doped films and the 
self-repairing capability (anodic oxidation) is enhanced 
with the increasing of the  Ti3+ content. The co-doped 
films exhibit significantly enhanced breakdown strength 
and energy storage density as well as relatively low leak-
age current and dielectric loss, particularly for the AST0.9 
(Si-2%, Ti-0.9%) film. And the  (Al0.971Si0.02Ti0.009)2Oy thin 
films exhibits the ultrahigh energy density of 14.01 J/cm3 
under the breakdown strength of 647 MV/m, which is 
410% over the  Al2O3 thin films (2.75 J/cm3 at 255 MV/m). 
The results suggest that Si–Ti co-doped  Al2O3 thin films 
have perspective dielectric properties and self-repairing 
capability for use in electric energy storage devices.
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